We determined the ability of human epithelial cervical will be an estimated 12 800 new cases and 4600 deaths from cells, human cervical microsomes and cytosol to metabolize this disease in 2000 (3). Cervical cancers are generally thought 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). to develop from dysplastic precursor lesions termed cervical intraepithelial neoplasias (CIN). These lesions are graded as All preparations metabolized NNK by α-hydroxylation, 1-3 and carcinoma in situ (CIS), based on the degree of demonstrated by the presence of 4-oxo-4-(3-pyridyl)butyric dysplasia.
countries (1). In the USA, where cervical cancer is the third most common malignancy among Hispanics and the sixth 2 To whom correspondence should be addressed most common cancer among white American women (2), there We determined the ability of human epithelial cervical will be an estimated 12 800 new cases and 4600 deaths from cells, human cervical microsomes and cytosol to metabolize this disease in 2000 (3). Cervical cancers are generally thought 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). to develop from dysplastic precursor lesions termed cervical intraepithelial neoplasias (CIN). These lesions are graded as All preparations metabolized NNK by α-hydroxylation, 1-3 and carcinoma in situ (CIS), based on the degree of demonstrated by the presence of 4-oxo-4-(3-pyridyl)butyric dysplasia.
acid (keto acid), and by carbonyl reduction, illustrated
Epidemiological studies have demonstrated that several by the formation of 4-(methylnitrosamino)-1-(3-pyridyl)-1-factors, including infections with high-risk human papilbutanol (NNAL). Cervical cells metabolized NNK by the lomaviruses (HPVs), such as HPV 16 and HPV 18, constitute oxidative pathway to an extent comparable to that by the a very important risk factor for invasive cervical cancer and reductive pathway. In both human cervical cytosol and for its precursor lesions (4,5). However, given the high microsomes, the concentration of α-hydroxylation products frequency of infections in the general population, estimated to ranged from undetectable to 10 times lower than those of be~50% in young sexually active women (6), it has been NNAL. An apparent K m and V max of 7075 µM and 650 pmol/ suggested that viral infection by itself is not a sufficient cause mg/min, respectively, were determined for the keto acid in for neoplastic conversion. In addition, the long incubation one microsomal preparation. NNAL was formed in all period between initial infection and development of cancer, as preparations at the highest levels, ranging from 16.9 to well as the frequent regressions of most HPV-induced dyspla-35.5 pmol/10 6 cells in incubations with ectocervical cells sias, indicate that besides HPV infection, other genetic damage and 6.2 pmol/10 6 cells in incubations with endocervical is required for the development of this malignancy (7) (8) (9) (10) . cells. NNAL levels were 1.88-4.95 and 1.44-2.08 pmol/mg/ Naguib et al., in 1966 (11) , found a correlation between min in human cervical microsomes and cytosolic fractions, smoking and cervical cancer. In 1990, Warren Winkelstein respectively. An apparent K m of 739 µM and a V max of reviewed 18 studies on cigarette smoking and cervical cancer 1395 pmol/mg/min for NNAL formation were established (12) . After adjusting for all other known risk factors, 15 of in the same microsomal preparation used for the keto acid these studies supported the conclusion that women who smoke kinetics study. The stereochemistry of the NNAL formed cigarettes displayed a 4.3-fold higher risk of developing this in incubations of NNK with human cervical cells and cancer (12) . Recent studies further support the association subcellular fractions was determined by derivatization with between cigarette smoking and cervical disease (13-15). In a (S)-(-)-methylbenzyl isocyanate. Human cervical cells and cross-sectional study of 77 Brazilian women with biopsymicrosomes both formed the (R)-enantiomer of NNAL confirmed CIN, smokers were found to be at 6.6-fold greater almost exclusively; incubations with human cervical cytosol risk of developing CIN 2 and 3 than nonsmokers (13 
Materials and methods
were determined using the Pierce Coomassie ® Plus protein assay reagent and bovine serum albumin standards (Pierce Chemical Co., Rockford, IL) according Chemicals to the manufacturer's instructions. Absorbances were measured on a Beckman [5-3 H]NNK (sp. act. 3.41 Ci/mmol; purity Ͼ97%) was purchased from DU 640 spectrophotometer at 595 nm (Beckman-Coulter, Fullerton, CA). ChemSyn Laboratories (Lenexa, KS) and further purified by normal phase Incubation of cervical microsomes and cytosol with NNK. All incubations high performance liquid chromatograph (HPLC) before use (30) . Unlabeled were done with 5 µM [5-3 H]NNK. This concentration was selected based on NNK and its metabolites were synthesized as reported previously (31) (32) (33) (34) .
previously published studies on the metabolism of NNK with human hepatic Glucose 6-phosphate, glucose-6-phosphate dehydrogenase, NADP ϩ , NADPH, and lung microsomes (22, 25, 36) . Incubations were performed at 37°C in NADH, glycyrrhizic acid (75% pure), hydrocortisone (cortisol), zinc sulfate, potassium phosphate buffer, pH 7.4, using an NADPH-regenerating system. dithiothreitol (DTT) and barium hydroxide were purchased from Sigma This system consisted of 1 mM NADP ϩ , 5 mM glucose 6-phosphate, 3 mM Chemical Co. Christ GmbH, Osterode, Germany) and the supernatant was filtered through Metabolism of NNK by human cervical cells a 0.45 µm Gelman syringe filter. All samples were stored at -80°C until HPLC analysis. Boiled microsomes and boiled cytosol served as controls. Normal human ectocervical and endocervical cell lines were established as previously described (35) 
from tissues obtained from hysterectomy specimens
Kinetic studies of NNAL and keto acid formation at the University of Chicago. Cells were maintained in Clonetics KGM and Cervical microsomes from the combined tissue sample were incubated with cultured in 5% CO 2 at 37°C. For metabolism studies, cells were plated in [5-3 H]NNK diluted with cold NNK, at the concentrations and specific activities T75 flasks and grown to~70% confluence. One endocervical and two listed in Table I . Each incubation mixture consisted of 5 or 8 mM NADPH ectocervical cell lines were used in the metabolism study after either the third in 100 mM potassium phosphate buffer, pH 7.4, containing 3 mM MgCl 2 . or fourth passage. Each cell line was derived from a different individual.
The protein concentration was 0.31 mg/ml in a final volume of 0.5 ml. Ectocervical and endocervical cell cultures were grown as described above.
Multiple assays were conducted at each concentration. The data were analyzed Fresh medium was added 24 hours before the experiment. Immediately before and the kinetic parameters, K m and V max were determined using GraphPad the metabolism studies, the cells were harvested, pelleted, resuspended in Prism software (GraphPad Inc., San Diego, CA). PBS containing calcium and magnesium, and counted. Microsomal samples from two individuals were incubated with 5 µM to 1 ϫ 10 6 /ml. Incubations were carried out at 37°C for 4 h. Cells were then [5-3 H]NNK (sp. act. 1.0 Ci/mmol) and either cortisone or glycyrrhizic acid. pelleted and the supernatant was filtered through Gelman 0.45 µm Acrodiscs Cortisone was dissolved in ethanol (10% v/v) or dimethylsulfoxide (DMSO) and stored at -80°C until HPLC analysis. Incubations without cells using (2% v/v). Glycyrrhizic acid was dissolved in water. The final concentration of each inhibitor was 1 mM. Incubations were carried out at 37°C for 1 h NNK alone served as controls.
using the NADPH-regenerating system described above. To determine the enantiomers had eluted. The flow rate was 1 ml/min. Under these chromatographic conditions, the (S)-MBIC derivatives of R-(E)-NNAL and S-(E)-solvent effect on the formation of NNAL, incubations with either ethanol or DMSO alone were also performed. Incubations with microsomes isolated NNAL eluted at approximately 78 and 79 min, respectively (see Results). The order of elution was determined by reacting pure (S)-NNAL with from the combined cervical tissue samples with 5 µM [5-3 H]NNK and either glycyrrhizic acid or metyrapone dissolved in water were also carried out. In (S)-MBIC followed by HPLC analysis. the glycyrrhizic acid study the concentration of inhibitor was 1 mM and the Confirmation of the identity of keto acid specific activity of NNK was 1.6 Ci/mmol. Incubation times were 60 min and Microsomes and cytosol. The keto acid identity was confirmed by its conversion the standard NADPH-regenerating system was used. In the metyrapone studies to hydroxy acid, followed by derivatization to its methyl ester and co-elution the concentration of inhibitor was 1 or 10 mM. The specific activity of NNK with a UV standard upon HPLC analysis (38). Briefly, keto acid from was 1.2 Ci/mmol. NADPH was used at a concentration of 10 mM. The protein microsomal or cytosolic incubations was collected under standard HPLC concentration in all these incubations was 0.31 mg/ml. All reactions were conditions. The solvent was partially evaporated and made alkaline with 8 N terminated by placing the sample in boiling water and worked up as described KOH, and 2.6 µmol of NaBH 4 in water was added. After 2 h, the solvent above. Statistical analysis was conducted using Microsoft Excel software.
was evaporated and the residue was dissolved in 2 ml of methanol; 20 µl of Unlabelled cortisol was purified by HPLC collection using a Phenomenex H 2 SO 4 was then added. The reaction mixture was heated at 50°C overnight. Optisil 10 ODS, 500 ϫ 9.4 mm column with an isocratic flow of 47:53 (v/v)
The resulting methyl ester of hydroxy acid was analyzed as previously water/methanol at 4 ml/min. The elution of cortisol was monitored by UV described (38). absorption at 254 nm. After evaporation of solvents, the purified compound was stored at -20°C until used. Radioactive cortisol was purified using a Cells. The identity of the keto acid formed during incubations with ectocervical Phenomenex C-18 Bondclone column, 250 ϫ 7.8 mm under the same cells was confirmed by collecting it under standard HPLC conditions and conditions used for the unlabelled compound. After collection, the solvent subsequent HPLC analysis using 60 mM acetate buffer, pH 4.0. Analyses was partially evaporated to remove methanol and the remaining aqueous were performed using a Phenomenex C-18 Bondclone, 3.6 ϫ 300 mm, 10 µm portion was extracted with ethyl acetate. The ethyl acetate extract was dried column. The initial solvent was 60 mM sodium acetate buffer, pH 4.0. over sodium sulfate, filtered and stored at -80°C until used.
Methanol was added at a rate of 0.5%/min at a flow rate of 1 ml/min. Under Microsomes prepared from the combined tissue sample (0.31 mg/ml) were these conditions the keto acid elutes after 36 min, but under standard assay incubated in 100 mM potassium phosphate buffer, pH 7.4, for 1 h at 37°C
conditions it elutes after 21 min. with 0.1 mM [1,2,6,7-3 H]cortisol (sp. act. 62.0 Ci/mmol) or 5 mM [1,2,6,7-3 H]cortisol (sp. act. 1.2 Ci/mmol). Incubation times were 1 h and the volumes were 0.5 ml. Magnesium chloride and NADP ϩ were added to yield final eluting at 37 and 67 min, respectively, were detected in this
Determination of the stereochemistry of NNAL formed in incubations of NNK
incubation with ectocervical cells ( Figure 1B) .
with cervical cells, cytosol and microsomes
The stereochemistry of NNAL was determined according to a published
Metabolism of NNK by human cervical microsomes and cytosol
method with a modification of the HPLC system used for that analysis
Incubations were performed with microsomes isolated from vidual tissues from which microsomes were also isolated.
filtered, the benzene was evaporated and the residue was suspended in sodium
Boiled cytosol served as a control ( Figure 1E ). Similar to the phosphate buffer, pH 4.0, filtered and analyzed by HPLC. In contrast to the normal-phase HPLC analysis described in the original publication (37), the microsomal incubations, NNAL was the major product detected separation of the resulting derivatives was accomplished on a Rainin Micro-( Figure 1F ). The rate of NNAL formation in the cytosolic sorb-MV C-18 column, 5 µm particle size (Varian Associates, Inc., Woburn, incubations ranged from 1.44 Ϯ 0.56 to 2.08 Ϯ 0.14 pmol/ MA). The initial solvent composition was 100% solvent A (2 mM sodium mg/min. Under the experimental conditions used in this study, phosphate buffer, pH 7.0). Acetonitrile (solvent B) was added to reach a concentration of 45% in 90 min, by which time the derivatized NNAL approximately 2.3-5.9% and 1.7-2.5% of the initial amounts of NNK were metabolized to NNAL by human cervical in microsomal incubations ranged from not detectable to 
Inhibition of NNAL formation by substrates of 11β-HSD
In order to determine whether 11β-HSD is involved in the 0.13 Ϯ 0.05 pmol/mg/min (mean Ϯ SD). In incubations carbonyl reduction of NNK in human cervical tissue, we with cytosol, the rate of keto acid formation was 0.008-conducted experiments to determine the degree of inhibition 0.033 Ϯ 0.009 pmol/mg/min. Similar to the incubations with of NNAL formation by inhibitors of 11β-HSD. The inhibition ectocervical cells, keto alcohol was also detected in some of of NNAL formation by cortisone in incubations of NNK with the cytosolic and microsomal incubations with NNK ( Figure  human cervical microsomes is summarized in Figure 6 . The 1D and F). data demonstrate that both ethanol and DMSO (used as Determination of the stereochemistry of NNAL formed by vehicles to dissolve cortisone) inhibit the formation of NNAL.
human cervical cells and subcellular fractions
Therefore, incubations with glycyrrhizic acid and metyrapone were performed, since both compounds are water-soluble and Upon derivatization with (S)-MBIC, we found that NNAL are also inhibitors for 11β-HSD. The inhibition of NNAL formed in incubations with either ectocervical or endocervical formation by glycyrrhizic acid and metyrapone ranged from cells, or microsomes, was almost exclusively the (R)-enanti-16% to 32% and from 33% to 80%, respectively ( Figure 6 ). omer while the (S)-enantiomer of NNAL was predominantly
The levels of NNAL formed in these incubations with inhibitors formed in incubations with cervical cytosol (Figure 4) .
were significantly lower than the levels of NNAL determined Kinetic studies of NNAL and keto acid formation in controls (P Ͻ 0.01). The kinetics of NNAL formation from NNK were determined
Incubations of cervical microsomes with cortisol by incubating [5-3 H]NNK at the concentrations listed in Table  I under conditions described in Materials and methods. All
In order to determine the extent of involvement of 11β-HSD in the reduction of NNK to NNAL, incubations with cortisol experiments were carried out under conditions that resulted in a linear response with respect to time and protein concentration were carried out as described in Materials and methods. Incubations of cortisol (0.1 µM) with human cervical micro-(data not shown).
Parameters of Michaelis-Menten kinetics were determined somes yielded 0.0044 pmol/mg/min of cortisone. Incubations with cortisol at a higher concentration (5.0 µM) yielded 0.41 for the reduction of NNK to NNAL ( Figure 5A ) and the formation of keto acid ( Figure 5B ) using substrate concentrapmol/mg/min of cortisone. Discussion than was indicated by the metabolism studies conducted with the whole tissue preparations, namely microsomes and cytosol. To our knowledge, this is the first study addressing the capacity We found that the cytosolic fraction isolated from human of human cervical tissue to metabolize NNK, a tobaccocervical tissue was also capable of metabolizing NNK by specific carcinogen previously detected in human cervical oxidation. Similar to microsomes, the levels of oxidative mucus (18). The results clearly demonstrate that human cervical products formed in cytosolic incubations were low relative to tissue is capable of metabolizing NNK by both α-hydroxylation the levels of NNAL. As far as we know, no cytosolic enzymes and reductive pathways, as is evident from the formation of capable of α-hydroxylation of NNK have been reported. keto acid and NNAL, respectively. NNAL was formed as the Therefore, detection of these products in cytosolic incubations major metabolite in all incubations of NNK with human was unexpected, although Hecker et al. (40) did report low cervical cells, microsomes and cytosol. The stereochemical levels of oxidative products formed upon incubation of Nisomer of NNAL formed by cervical cells and microsomes nitrosopyrrolidine with rat liver cytosol. It has been well differed from that formed by cytosol.
documented that LOX and COX are present in the cytosolic Oxidation of NNK is catalyzed by multiple forms of fraction (41, 42) . The involvement of these enzymes in the cytochrome P450, a family of hemoproteins involved in the microsomal metabolic activation of NNK, probably by a freemetabolism of various xenobiotics including carcinogens, drugs radical mechanism, has been shown (22,23). Thus, these and environmental pollutants (20) . Studies by Smith et al. (25) enzymes could be involved in the metabolic activation of NNK and Staretz et al. (36) showed that in human liver P450 by human cervical cytosol. 2A6 and 3A4 isozymes are responsible for α-methylene
In this study we did not attempt to characterize the microhydroxylation of NNK, while α-methyl hydroxylation is presomal or cytosolic enzymes responsible for oxidation of NNK. dominantly catalyzed by P450 1A2. In human lung, α-methyl
The presence of α-hydroxylation products in incubations with hydroxylation of NNK is probably catalyzed by P450 2A6 cervical microsomes, however, clearly demonstrates that human (25) . Subfamilies of P450 1A and 2B have been reported to cervical tissue can metabolize NNK via pathways that produce be expressed in the human cervix (21) , indicating that human DNA-damaging intermediates. The characterization of the cervical tissue may be capable of metabolizing NNK via an enzymes responsible for the oxidation of NNK by cervical oxidative pathway. This has been confirmed in the present subcellular fractions and elucidation of the mechanisms study.
involved is an important area for future studies. The levels of α-hydroxylation products detected in micro-
The reductive metabolite of NNK, NNAL, may play an somal incubations in our study were low relative to those of important role in the carcinogenicity of NNK. Several labora-NNAL. This is consistent with results of NNK metabolism by tory studies have demonstrated that its carcinogenic potency various human tissue and microsomal preparations previously is similar to that of NNK (20, 28, 43) . It has recently been reported (22, 24, 25) . In contrast, in incubations of NNK with shown that the stereochemistry of NNAL may be an important human cervical cells, the levels of products resulting from factor in the carcinogenicity of NNK (29). The (S)-enantiomer NNK oxidation were similar to the levels of NNAL. This may of NNAL was a more potent lung tumorigen in the A/J mouse be because these cells represent a population of pure epithelial than the (R)-NNAL enantiomer (29). Its potency was similar cells, whereas the microsomal preparations contain both epitheto that of NNK. In the present study we found that incubation lial and stromal cells. These results suggest that cervical of NNK with human cervical cells and microsomes resulted epithelial cells, where cervical cancer usually originates (39), may have greater potential for oxidative metabolism of NNK in the predominant formation of the (R)-NNAL, while (S)-NNAL was formed almost exclusively in incubations with genotoxic and carcinogenic products. This study, together with our previous investigations (18,19,50), further supports the cervical cytosol. This result indicates that in the human cervix, several enzymes, in this case associated with different epidemiological findings that associate cigarette smoking as a factor in the etiology of cervical cancer. Further studies are in subcellular fractions, may be involved in the carbonyl reduction of NNK.
progress to develop a suitable animal model to determine the roles of NNK, NNAL and HPV individually and in combinaThe enzymes responsible for the microsomal carbonyl reduction of NNK are not as well characterized as those involved tion, in the development of cervical cancer. in its oxidation. Recently Maser et al. (26, 27 ) identified 11β-HSD, an enzyme involved in the oxidoreduction of glucocort
